Programmed cell death (PCD) is central to organism development and for a long time was considered a hallmark of multicellularity. Its discovery, therefore, in unicellular organisms presents compelling questions. Why did PCD evolve? What is its ecological effect on communities? To answer these questions, one is compelled to consider the impacts of PCD beyond the cell, for death obviously lowers the fitness of the cell. Here, we examine the ecological effects of PCD in different microbial scenarios and conclude that PCD can increase biological complexity. In mixed microbial communities, the mode of death affects the microenvironment, impacting the interactions between taxa. Where the population comprises groups of relatives, death has a more explicit effect. Death by lysis or other means can be harmful, while PCD can evolve by providing advantages to relatives. The synchronization of death between individuals suggests a group level property is being maintained and the mode of death also appears to have had an impact during the origin of multicellularity. PCD can result in the export of fitness from the cell to the group level via re-usable resources and PCD may also provide a mechanism for how groups beget new groups comprising kin. Furthermore, PCD is a means for solving a central problem of group living -the toxic effects of death -by making resources in dying cells beneficial to others. What emerges from the data reviewed here is that while PCD carries an obvious cost to the cell, it can be a driver of complexity in microbial communities.
Introduction
The phenomenon of genetically programmed cell death (PCD) was first described in the context of cell differentiation and development in metazoa [1] [2] [3] and at the time was considered a hallmark feature of multicellular life. Its subsequent discovery in unicellular organisms was for a long time little more than a curiosity; however, further interest in its evolution [4] and mechanisms [5] [6] [7] has revealed a far more significant role in microbial ecology. While there have been significant advances in our understanding of the origin and maintenance of PCD in the unicellular world (briefly reviewed below) a lot remains to be discovered [4, 5, [8] [9] [10] [11] and an overarching evolutionary ecology framework is still far off. Under what conditions is PCD potentially adaptive (or non-adaptive for that matter), and adaptive for what, for it certainly cannot increase the fitness of a dead organism? This simple fact compels us to look beyond the cell. Could the loss of fitness for the cell, if associated with fitness gains elsewhere, be a driver of evolution and higher levels of complexity? Could death of the cell via released compounds initiate an 'export' of fitness that reduces selection at the cell level and create selection at higher levels, an example of which is the origin of multicellularity [12] [13] [14] [15] ? These questions represent some of the foundational issues and a general understanding of the evolution of PCD in microbial populations is just beginning.
What Is PCD, How Is It Detected and What Are the Evolutionary Issues in Unicellular Organisms? PCD, where the 'programmed' component refers to a genetically encoded, energy-dependent death phenotype (sensu [8] ), is ubiquitous in the unicellular world and exists in diverse lineages of prokaryotes and eukaryotes (see Table 1 in [8] ). The question then needs to be asked: Is PCD an adaptation and, if so, who is it adaptive for? Kin selection provides an answer. Kin selection theory (for a review see [16] ) predicts that individually costly behaviors can evolve if the beneficiaries are genetic relatives and the cost/benefit ratio is less than the degree of relatedness [17, 18] . As a result, we may expect PCD to evolve if the death of a cell allows clone-mates to survive. In this case, PCD is an adaptation at the level of a kin group. In principle, group selection could also lead to PCD. However, the conditions are more restrictive and, roughly, for groups without PCD the extinction rate has to be greater than the origination rate. Instead of PCD evolving by higher-level selection at the kin or group levels, PCD may also exist because of lower-level selection on genetic elements perpetuating themselves by killing the cell (see below). In this case, PCD is non-adaptive or even mal-adaptive for the cell, and multi-level selection will sort out the various effects at the different levels. Pleiotropy could also explain how PCD might evolve. Here, PCD exists as a by-product of some other essential function and the genotype is maintained because it is linked to the other selected function [8] . Regardless of how PCD evolves in unicellular organisms, our main agenda in this review is to argue that PCD has the effect of increasing the complexity of the microbial system. PCD in unicellular organisms has been shown to increase the fitness of others in the group [7, [19] [20] [21] in that it provides members of the group with a reproductive advantage. The benefits can be imparted by dissolved organic materials [22] and are limited to conspecifics [23] or co-occurring bacteria [20] . In a population of bacteria, PCD was beneficial by limiting the spread of a lytic bacteriophage and, interestingly, the fitness benefit was observed even when genetic relatedness was low (organisms remained conspecifics but had undergone significant genetic drift and mutational change) [21] . This latter example is one of the few group selection experiments to date, demonstrating that PCD in one group can outcompete another group without PCD. Survival in prokaryote and eukaryote parasite populations can also depend on the existence of some threshold level of individuals in the population undergoing PCD [24] , and in the phytoplanktonic Peridinium gatunense PCD is synchronized between individuals in the population [25] . The signals of communication leading to this cooperative behaviour include volatile organic compounds, nitric oxide, dimethylsulfide, non-volatile lipids and reactive oxygen species [26] [27] [28] . These and other examples make a case that PCD is adaptive at a level higher than the cell. Nevertheless, fitness studies in the field are required and, as indicated below, the molecular biology and genetic basis for PCD needs to be dissected further. The context in which PCD occurs is paramount for making inferences about the level of selection. In some instances, such as severe nutrient depletion, cells undergo a form of PCD (autophagy) that involves auto-digestion [29] and is more likely to be a cell level survival mechanism than an altruistic behavior.
Disentangling the adaptive and non-adaptive scenarios in natural settings is perhaps the greatest challenge for understanding the evolutionary ecology of PCD in unicellular organisms. This is made more difficult by our limited understanding of the mechanistic basis of the PCD phenotype. Our current appreciation of the PCD phenotype in unicells is largely phenomenological and is typically (but not always) demonstrated biochemically by DNA laddering [19] , the loss of membrane asymmetry [30] , metacaspase activity [31] , and/or a burst in reactive oxygen species generation [19] . While these features generally mirror those in multicellular organisms, the phenotypic assays in some unicellular eukaryotes can be confusing. For example, the TUNEL assay for detecting DNA laddering is sensitive but not always specific for PCD [32] , and although caspase assays are positive in phytoplankton, only a metacaspase peptidase enzyme with different substrate specificity has been identified in chlorophytes [33] . In addition, the classic molecular/mechanistic studies (for example, knockdowns, knockouts and transfections to rescue the phenotype) in unicellular eukaryotes have not been performed, although some of the key genes and protein domains have been identified [6] .
Notwithstanding our limited understanding of the mechanisms involved, the morphological phenotype of PCD in unicellular eukaryotes is distinct and profoundly different from death by lysis or necrosis. PCD is best appreciated by observing the ultrastructural changes which, unlike the phenotypic biochemical assays that detect specific traits, indicate that there must be major changes in gene regulation and their resultant protein pathways in order for the marked differences in cellular anatomy to appear. The ultrastructural changes are not detected when death occurs by lysis or accidental means and include cell shrinkage, membrane blebbing, cytoplasmic vacuolization, nuclear condensation and eventually complete dissolution of the cell into membrane bound vesicles that resemble the apoptotic bodies in metazoa. In phytoplankton, the stacking of thylakoid membranes and ordered dissolution and reorganization of the chloroplast are also observed, as seen in the transmission electron micrographs of PCD in Chlamydomonas in Figure 1 .
In some prokaryotes the molecular basis for PCD is understood. The genetic mechanisms have been dissected to reveal an intricate network of interacting proteins that under various conditions activate a cell death pathway. There have been several molecular mechanisms discovered [34, 35] , a good example of which is the mazEF genetic module in Escherichia coli [36] . The mazE protein is a stable toxin that induces PCD, while the labile mazF anti-toxin inhibits the action of mazE. The lability and short half-life of mazF means that cells that lose the mazEF element die via the toxicity of mazE, and so long as both genes are inherited as a unit the cell is viable. Genetic elements such as these are encoded chromosomally or extra-chromosomally (for example, in plasmids) in different prokaryote lineages (Table 1 in [34] ) and are 'addictive' in nature: once a bacterium has acquired mazEF, it cannot lose it without dying. Genetic modules like these introduce additional evolutionary dynamics. The genetic element or plasmid itself can be a unit of selection, increasing or decreasing in copy number according to its own life history strategy. At the same time, the cell harboring the genetic element is acted on by natural selection and, as indicated above, in some instances so is the group of cells. With natural selection acting at different levels simultaneously, understanding the evolution of PCD is complex. Biofilms offer a unique system for disentangling the effects of PCD at these different levels of selection. They are common in nature and have interesting spatial structures. Individuals of the same species in the biofilm can be genetically related and in some cases cell differentiation exists [37] [38] [39] . From an evolutionary perspective, however, the restrictive ecological conditions are unlikely to exist for biofilms themselves to be units of selection [40] .
In addition to the levels of selection issues mentioned above, PCD may have a general effect of increasing the biological complexity of the system. It is this effect which is our primary focus here. We wish to examine this broader impact of microbial PCD in three different microbial scenarios: (i) mixed, heterogeneous microbial communities comprising multiple taxa; (ii) populations of the same taxon or similar taxa (conspecifics or species of the same genus); and (iii) multicellular groups.
Programmed Cell Death in Mixed, Heterogeneous Microbial Communities Microbial communities typically consist of different taxa and the potential exists for individuals to interact in a variety of ways. Most of the theoretical, laboratory and field evidence examining PCD in heterogeneous communities comes from prokaryote [41] and mixed prokaryote-eukaryote environments [10, 42] . In phytoplankton-bacterial communities, PCD plays a role in the cycling of resources between trophic levels and the organisms occupying them (the microbial loop) [43, 44] . For a long time phytoplankton mortality was viewed in terms of predation, nutrient depletion, sinking to the deep ocean, viral lysis and viral induction of PCD [45] . However, the mode of death, particularly the impact of PCD on nutrient recycling, in microbial communities has recently been of interest to a wider audience [10] . The Dunaliella-Halobacterium model system from the Great Salt Lake presents one of the well described opportunities to dissect the effects of PCD in mixed, heterogeneous populations [20] . A time series experiment in Dunaliella salina (a unicellular chlorophyte) cultures revealed that up to a third of the population underwent PCD at the onset of darkness. After each 24 hour cycle the population grew and reproduced, recovering well beyond the culture cell density the day before. Population growth curves for D. salina alone and D. salina with the naturally co-occurring archaebacterium Halobacterium salinarum were compared. It emerged that while D. salina could re-utilise some of the PCD products from their dying relatives, the overall growth rate and culture density of the chlorophyte was even greater when cultured in the presence of the archaeon. This was particularly PCD was induced and detected as in [19] and the ultrastructure observed with a FEI Tecnai T12 Spirit transmission electron microscope. (A) Healthy C. reinhardtii cell (nucleolus-Nu, cell wall-CW, pyrenoid-Py, chloroplast-C, starch-S). The (B) early (2 hrs) and (C) late (8 hrs) cellular changes after PCD induction were documented. The typical ultrastructural changes that occurred included cell shrinkage, nucleolar condensation (Nu), membrane blebbing (MB) and vacuolization (V). At end-stage PCD, there was near complete dissolution of the chloroplast with stacking of the thylakoid membranes and membrane-bound vesicles (Ve) appeared. (D) After PCD was complete, these vesicles, now resembling apoptotic bodies (ABs), were noted in the extracellular environment. Similar ultrastructural changes have been noted by others in C. reinhardtii [60] and in diverse unicellular eukaryotes (for example [61] ).
striking in the organisms' naturally occurring hypersaline conditions. Investigating the mechanism behind this observation revealed that dissolved organic material was liberated during chlorophyte PCD. The released nutrients were metabolized and re-mineralized by the bacterium, and subsequently reused by the chlorophyte population (Figure 2) . The archaeon and chlorophyte were metabolically and physiologically connected via PCD and the reciprocal benefits of nutrient exchange. The noteworthy point here is that PCD is the mechanism by which new interactions, relationships and communications were forged and that these interactions increased the complexity of the system. Nutrient recycling and metabolic connections between prokaryotes and eukaryotes in microbial communities are well known; however, in these examples PCD was the mechanism for the interaction.
Programmed Cell Death in Populations of Closely Related Unicellular Organisms
Most of the experimental evidence concerning the ecology of PCD in microbes emanates from work conducted on populations of a single species or related strains. The pathogenic kinetoplastid Leishmania major provided some of the earliest clues for the role that PCD plays in groups [24] . Curiously, it was observed that a population of Leishmania parasites was only virulent and able to survive and cause disease in a murine host when a proportion of individuals in the infecting inoculum were undergoing PCD. Excluding PCD cells from the population rendered the inoculum non-infective or avirulent and organisms were cleared by the host's immune system. Although PCD and group fitness were not studied explicitly, it certainly indicated that PCD affected group survival of the infecting pathogen. A similar finding was produced much later in the prokaryote pathogen Pseudomonas aeruginosa [46] . Pulmonary disease, again in a mouse model, only developed when some of the bacteria were undergoing PCD.
To investigate the fitness effects of PCD (as opposed to death by other means) on cells in the population not undergoing PCD, investigators examined death in the model chlorophyte Chlamydomonas reinhardtii (Figure 2 ). The products of PCD allowed cells to grow larger and produce more offspring while cells that died immediately upon subjection to sonic waves were harmful to others [19] . These findings revealed that how an organism dies affects the fitness of others. Subsequent experiments demonstrated that the benefits of PCD are only experienced by individuals of the same species and strain and that the fitness of other species of Chlamydomonas was compromised by PCD in C. reinhardtii [23] . While the decrease in fitness in other species can be attributed to differences in metabolic requirements, the finding that in another strain of the same species PCD was neutral (it did not affect growth or reproduction either positively or negatively) suggests that the differential fitness effects of PCD depend on genetic similarity, as would be the case if PCD provides benefits to kin.
In phytoplankton, the idea that PCD can be responsible for a group level function is further supported by the finding that, in a bloom-forming organism, death is co-ordinated. In Lake Kinneret (the Sea of Galilee), populations of the dinoflagellate P. gatunense bloom annually and die back with predictable regularity [25] . The trigger for the orchestrated demise of the bloom was environmental (changes in nutrients and dissolved carbon dioxide); however, the process was synchronized by communication between individuals in the population. Sensing environmental change, some individuals underwent PCD and released a thiol esterase, which sensitized others in the bloom to the environmental cue. The result was a co-ordinated population-wide collapse, although some individuals presumably persisted to account for the following year's bloom. In sum, the protease released during PCD functioned as a signalling molecule producing a group-level response to an environmental cue. The reason for this behaviour is not clear, although it is tempting to speculate that it allows some of the individuals in the population to survive environmental stress.
To provide an additional line of evidence for the argument that PCD plays a role in the sociobiology and increased complexity of microbial communities it is helpful to know whether a group with the PCD phenotype can outcompete one without and under what circumstances this could occur. One of the few direct competition experiments designed explicitly to examine this question was performed in the model bacterium Escherichia coli [21] (the experiments with parasites described above also examined the relative survivability of populations with and without PCD but the context was virulence and survival rather than fitness as measured by reproduction). Two populations of E. coli, one with and one without a PCD genotype, were exposed to infection by a bacteriophage that induced PCD and were allowed to mix freely. Over time the PCD+ population displaced the PCDÀ one, which eventually went extinct. PCD was altruistic in this case, since it increased the fitness of the group despite the cost to the cell. Surprisingly, PCD was successful even when In archaeon-phytoplankton microbial communities PCD is a mechanism by which dissolved organic materials are recycled between unrelated organisms. The complexity of the system is increased by the physiological interactions and metabolic connections. In the fluorescent micrograph a D. salina cell is undergoing PCD as indicated by the ejection of the nucleus (Sytox blue stained structure), which is one of the hallmark features in this organism. Dissolved organic material is also released from the enucleated cell (not visible) and either taken up directly by healthy D. salina cells or re-mineralized by co-occurring H. salinarum archaea to metabolites that are reused by the phytoplankton. (Bottom) In populations or groups of organisms, PCD can benefit relatives and conspecifics. In Chlamydomonas, the materials released by cells dying by PCD benefit others (see text for discussion of potential group-level benefits). In a group of C. reinhardtii cells the dying (small, red-brown) cells release materials that can be used by live relatives (large, green cells) for growth. (Upper right) The potential role that PCD may have played in the evolution of multicellularity is relatively unexplored. However, in artificially selected colonial groups of Saccharomyces cerevisiae cells daughter groups emerge from parent groups at sites where cells die (by a PCD-like phenotype). The red cells in the colony are dying, which allows daughter colonies to break off and grow to form the next generation of groups [20, 54, 55] (image on left from [62] , reprinted with permission from AAAS; image on right used with permission from William Ratcliff).
genetic relatedness in the PCD+ population was low. This experiment demonstrated that, at a group level, where PCD is the only distinguishing trait between two competing groups, the PCD genotype provided a selective advantage (although the starting frequency of the genotype in the population needed to be high for this to occur).
These examples provide a compelling argument that PCD can affect the complexity and social structure of microbial communities. PCD can be a means by which new interactions between individuals are forged and in some instances a new unit of selection (that of the group) is created. It is worth noting that the maintenance and stability of the system have not been investigated and the impact of cheaters (individuals without the PCD genotype) has not been explored.
Programmed Cell Death and the Evolutionary Transition to Multicellularity
The evolutionary transition from a unicellular to a multicellular life has occurred numerous times, resulting in an increase in the complexity of life on Earth. Multicellular organisms have the properties of cells as well as new properties involving cell-cell interactions. A complete re-organization of fitness and emergence of a new level of selection were required during this transition [15] . How and why this happened is the subject of major research programmes; however, the potential role of PCD has attracted less attention. A review of recent data suggests that it may have played a more significant role than anticipated and we draw on experimental evidence in model unicellular organisms to support this. The volvocine green algae [47] are a model system for investigating multicellularity and provide a useful guide for thinking about the underlying mechanisms and how fitness increases or decreases depending on whether it operates on individual cells, kin groups and populations of individuals with varying degrees of genetic relatedness [12] [13] [14] [15] [16] [17] [18] . We have already discussed how PCD may impact the fitness of members of cell groups. In this section we consider how PCD can further aid group living and group reproduction.
One of the costs of group living is that death by lysis poisons the local microenvironment with oxidizing compounds, proteases and metabolic waste. PCD converts this problem into a benefit by producing re-usable resources for other group members. The production of reusable resources (for example the dissolved organic materials discussed earlier) also provides a mechanistic basis for the export of fitness from the cell to the group. During PCD, fitness-related resources are quite literally transferred from the dying cell to others in the group.
PCD also provides a route to genetically homogeneous groups. In the very earliest stages of colonial living predation was likely the dominant selection pressure for group formation [48] . In the volvocine model system multiple Chlamydomonas strains and species may co-exist in the same environment (for example [49] ) and predator-induced aggregates are chimaeric [50] . This indicates that prior to the formation of clonal groups the problem of genetic conflict may have arisen due to different genotypes investing in their own survival rather than that of the group. PCD provides a potential solution to this problem to the extent that only kin benefit from PCD [23] . The differential fitness effects of PCD would have homogenized the genetic composition of the group, leading to greater relatedness upon which kin selection could then operate more effectively to enhance a multicellular way of life (for further reading see [51, 52] ).
Another important issue during the earliest stages of multicellularity is the question of how cell clusters produced offspring. In other words, how did propagules arise from existing groups? How new groups arise from parent groups has been one of the many obstacles to developing a complete synthesis for the unicellular-multicellular transition (see, for example [53] ). Experimental evolution of multicellularity in a yeast model system showed how PCD may have facilitated or possibly even been essential for this process. Groups of the snowflake yeast phenotype produced propagules when some cells in the interior of the group died (the mode of death was not studied explicitly, although it was assumed to be PCD based on an increase in reactive oxygen species) [54, 55] (Figure 2 ). This allowed daughter groups to form from the parent group at cell death breakpoints. The claim is not that PCD is always the mechanism for propagation; in the Chlamydomonas model system a unicellular propagule initiated daughter groups [56] ; however, in the yeast case study PCD provided the mechanism for the generation of populations of groups.
Complexity and Programmed Cell Death in Microbes
The effects of PCD in the different ecological scenarios described above reveal an unexpected place for cell death in microbial ecology. Death is not merely a feature of population dynamics where individuals exhaust their resources, starve and die or are predated upon, making way for new offspring. What emerges here is that PCD is an active event with implications for the evolution of complexity and higher levels of organization beyond the cell.
The term 'complexity' can be interpreted in a variety of ways [57, 58] . We adopt the approach that complexity in biological systems incorporates measures of form (structural complexity), the interactions between individuals in the ecological system (functional complexity) and 'nestedness' or hierarchical complexity (as in the transition from unicellular to multicellular life) [58] . Hierarchical complexity includes an understanding of the hierarchy of life and major evolutionary transitions [58, 59] as well as levels of selection [52] .
In light of the examples and ecological contexts discussed above, PCD is a mechanism by which the evolution of interactions in microbes extended beyond the cell to include co-occurring unrelated taxa or related conspecifics, which can lead to higher levels of selection and increased complexity. While we cannot exclude that pleiotropy, life history trade-offs or other non-adaptive processes have contributed to some of these phenomena (certainly in other cases they have [8, 11] ), the extent, diversity and apparent consistency of the impact of PCD on microbial evolution suggest that natural selection has played a significant role. The point we wish to make is that, regardless of the relative contributions of adaptive or non-adaptive processes, PCD in microbes increases the biological complexity of the system.
In mixed, heterogeneous microbial communities comprising unrelated organisms, individual cells can be metabolically and physiologically connected. The example discussed here is taken primarily from the Dunaliella-Halobacterium model laboratory system, which investigates the exchange and re-cycling of nutrients. Inter-organismal interactions via nutrients and other resources are widespread in microbial ecosystems (the microbial loop paradigm), although the role of PCD is not well appreciated. The evolution of these interactions via PCD may involve a range of processes, a discussion of which is beyond the scope of this review; however, PCD is a mechanism by which two organisms interact with each other and become physiologically connected. The life history of each depends on the activity and behavior of the other. Similar interactions involving PCD are proposed or have been reported in many mixed microbial communities, particularly the prokaryote-eukaryote ecosystems in marine habitats [9, 10] . In these cases, PCD increases the complexity of the system by allowing organisms in the community to interact in new ways.
In microbial populations of a single genus or species the evolution of PCD has been studied more explicitly. The examples provided here are representative of the current data and indicate that microbial PCD confers group level properties that can be acted on by natural selection. For the transition to multicellularity, which is a major shift in the level of organization and complexity, the potential role of PCD is just beginning to be appreciated. The indications are that PCD facilitated this transition by playing a role in group living, the formation of kin groups and the export of fitness to the level of cell groups.
Concluding Remarks PCD in the unicellular world has generated tremendous interest, particularly with regard to the molecular mechanisms, levels of selection, as well as its impact in microbial communities. Here we consider the impact of PCD in three different microbial contexts, namely mixed, heterogeneous microbial communities comprising multiple taxa; populations of the same or similar taxa; and multicellular groups. Notwithstanding the obvious cost of death to the unicellular organism, the impact of PCD on the natural history of life has been profound. Ironically, death itself may lead to increased complexity during the evolution and diversification of life.
